The safety of prescribing digoxin in ESRD is unknown. Hypokalemia, which frequently occurs among dialysis patients, may enhance the toxicity of digoxin. Here, we analyzed the association between digoxin prescription and survival in a retrospective cohort using covariate-and propensity score-adjusted Cox models to minimize the potential for confounding by indication. Among 120,864 incident hemodialysis patients, digoxin use associated with a 28% increased risk for death (hazard ratio [HR] 1.28; 95% confidence interval 1.25 to 1.31). Increasing serum digoxin level was also significantly associated with mortality (HR 1.19 per ng/ml increase; 95% confidence interval 1.05 to 1.35). This increased mortality risk with level was most pronounced in patients with lower predialysis serum potassium (K) levels (HR 2.53 [P ϭ 0.01] for K Ͻ4.3 mEq/L versus HR 0.86 [P ϭ 0.35] for K Ͼ4.6 mEq/L). In conclusion, digoxin use among patients who are on hemodialysis associates with increased mortality, especially among those with low predialysis K concentrations.
Digoxin has been used for decades for the treatment of cardiovascular disease (CVD). In 1997, the US Food and Drug Administration officially approved digoxin for the treatment of heart failure and atrial fibrillation. The decision was mostly based on the Digitalis Investigation Group (DIG) trial, which reported a 28% reduction in hospitalization for congestive heart failure (CHF) from digoxin without any effect on mortality in patients without kidney failure. 1 On the basis of that and other studies, the National Kidney Foundation Kidney Disease Outcomes Quality Initiative (KDOQI) 2 also included digoxin in its ESRD CVD guidelines for the treatment of cardiomyopathy and atrial fibrillation; however, few studies have been conducted to verify the drug is safe in hemodialysis (HD) patients, who are prone to considerable intracellular-extracellular shifts in potassium (K) during dialysis that may directly mediate the efficacy and toxicity of the drug. Exactly how cardiac glycosides should be properly managed and monitored in patients who are on long-term renal replacement therapy (RRT) remains unanswered. We conducted an observational cohort analysis of a large and diverse population of incident dialysis patients to determine the association between mortality and digoxin in relation to the pharmacodynamic parameters of the drug (e.g., prescribed digoxin dosage, serum digoxin level) and predialysis serum K level.
RESULTS

Population Characteristics
During a 6-year period, we identified 120,864 incident HD patients, 4549 of whom were digoxin users (4% digoxin prevalence on the 90th day of longterm HD); the median prescribed dosage was 62.5 g/d (125 g every other day). Within this cohort of digoxin users, 44% of the patients received serum digoxin level monitoring at an average of 2.7 times in the first 90 days of dialysis. The median serum level was 1.0 ng/ml (mean 0.8 ng/ml). A total of 3.5% of patients had high serum levels (Ͼ2.2 ng/ ml), whereas 53% had a serum level Ն1.0 ng/ml. Only 49% of patients with an "abnormal" serum digoxin level (Ͻ0.6 or Ͼ2.2 ng/ ml) had their prescribed digoxin dosage adjusted within the subsequent 30 days. A highly significant correlation existed between the change in serum digoxin level and the change in the prescribed dosage (R ϭ 0.20, P Ͻ 0.0001); however, no relationship between the serum digoxin level and the prescribed digoxin dosage (R ϭ 0.004, P ϭ 0.86) could be demonstrated, suggesting large interpatient variability in "digoxin responsiveness" or in the volume of distribution.
Association Between Digoxin Use and Mortality
As expected, patients who were on digoxin (versus not on digoxin) were generally "sicker" with increased age, comorbidity, and medication use with lower BP readings at baseline (Table 1) . In survival analysis (Figure 1 ), digoxin use (versus nonuse) was statistically and clinically significantly associated with increased mortality in both unadjusted (hazard ratio [HR] 1.89; 95% confidence interval [CI] 1.18 to 1.97) and adjusted models (HR 1.28; 95% CI 1.25 to 1.31). The increased risk for death remained in subanalyses that compared digoxin patients withthosewithacomparableindicationbutnot on the drug (Table 2) .
Association Between Digoxin Dosage and Mortality
Patients who were on higher prescribed dosages of digoxin (g/d) were more likely to be male and black and have diabetes (Table 3) . Patients with higher serum digoxin levels (ng/ml) were more likely to be older and female, with lower levels of albumin, diastolic BP readings, antiplatelet use, dialysis time, and angiotensin-converting enzyme inhibitor/angiotensin receptor blocker use (Table  4 ). There were no clinically appreciable differences in the prescribed dialysate K or calcium among the groups. Higher weight patients were on a higher prescribed digoxin dosage but had a lower measured serum digoxin level (consistent with the drug's large volume of distribution). Crude survival curves showed prescribed digoxin dosage was unrelated to the risk for death (P ϭ 0.50), whereas higher serum digoxin levels were associated with increased mortality (P ϭ 0.01; Figure 1 ). Unadjusted mortality HRs confirmed a significant 22% increased risk for death per 1-ng/ml increase in serum digoxin level. Statistically significant associations with increased mortality were noted when the serum digoxin level was Ն1.0 ng/dl (Table 5 ) and Ͼ1.55 ng/dl when the cohort was examined by quintiles (Table 6 ). After covariate and propensity score adjustment, death risk still remained poorly related with the prescribed digoxin dosage (P ϭ 0.11, P ϭ 0.42 for trend; Table 5 ); however, each 1-ng/ml increase in serum digoxin level significantly increased the risk for mortality by 19% (P Ͻ 0.006, p ϭ 0.004 for trend; Table 5 ) after covariate and propensity score adjustment.
Sensitivity Analysis: Serum Digoxin Level Associates with Increased Mortality
Stratified analyses demonstrated persistent increased mortality associated with higher serum digoxin levels in 53 of 58 subgroups ( Figure 2 ). Effect modification was noted between se- Figure 2B ). For example, the mortality risk with a high digoxin level (digoxin Ͼ2.2 versus Ͻ0.6 ng/ml) was much greater when the predialysis K was low (HR 2.53 when K Ͻ4.3 mEq/L; Figure 3 ) than when the K was high (HR 0.86 when K Ͼ4.6 mEq/L; Figure 3 ). Increasing serum digoxin levels were associated with increased mortality when the serum K was Յ4.6 mEq/L but reversed to decrease mortality when the serum K was Ͼ4.6 mEq/L ( Figure 3 ). The effect of functional status was also explored. Covariateand propensity-adjusted Cox models, which adjusted for New York Heart Association (NYHA) functional class, still demonstrated increased mortality with increasing serum levels of digoxin (HR 1.19; 95% CI 1.06 to 1.34). In fact, the mortality effect of digoxin was six times greater ( Figure 2B ) when the drug was prescribed to patients with good exercise tolerance (NYHA Յ2) instead of patients with the poorest exercise capacity (NYHA ϭ 4). Under a new digoxin user design, which minimized the potential for survivorship bias, the risk for death remained significantly greater with higher serum digoxin levels (HR 1.24 per ng/ml increase; 95% CI 1.06 to 1.45).
Results from time-varying analyses accounted for longitudinal changes in serum digoxin level at 90-day intervals and were concordant with the primary findings (Table 7) . Each 1-ng/ml increase in serum digoxin was associated with an 11% increase in mortality. In matched analyses, increasing serum digoxin level remained associated with an increased risk for death in subcohorts that balanced for unmeasured confounding from the facility, the treating physician, and the propensity for digoxin level (Table 7) .
DISCUSSION
In this observational cohort of 120,864 incident HD patients, the use of digoxin was associated with an increased risk for death. The mortality effect was significantly potentiated by high serum digoxin and low serum K levels, which seemed independent of patient characteristics, propensity for treatment, the facility, the physician, disease severity, or time.
Clinically, digoxin has been used for many years for the treatment of CVD. 3 On the basis of several trials in the general population, the drug is sometimes used for the treatment of heart failure 1 and atrial fibrillation, 4 given the unique inotropic 5 and chronotropic 6 properties of digoxin. The purported benefits of digoxin may initially seem favorable to the comorbidity profile of dialysis patients, given the high prevalence of atrial fibrillation [7] [8] [9] and hospitalization 10 -12 ; however, almost no trials have been conducted to examine whether the hospitalization efficacy, rate control properties, and safety of digoxin translate to patients who are undergoing long-term renal replacement therapy (RRT).
Digoxin directly inhibits the Na ϩ /K ϩ -ATPase pump in the membrane of the cardiac myocyte, which causes intracellular increases in sodium and a consequent rise in calcium through the sodium-calcium exchanger. 13, 14 Ultimately, a rise in local calcium levels directly prolongs the cardiac action potential Figure 1 . Crude survival curves show decreased survival with digoxin use. Digoxin users had a statistically significant increased mortality risk when compared with patients who were not prescribed digoxin (P Ͻ 0.0001). Among digoxin users, higher serum digoxin levels in the first 90 days of long-term HD were associated with an increased risk for death (P ϭ 0.01, Ͻ0.6 versus 0.6 to 0.9 versus 1.0 to 2.2 ng/ml groups). and results in a decreased heart rate and an increased binding with troponin C to promote cardiac contractility. Serum K level and its rapid decline during dialysis may play an important role in the therapeutic effects and toxicity of the drug, because both K and digoxin compete for the same ATPase-binding site. Hyperkalemia may decrease the effectiveness of digoxin, whereas hypokalemia can potentiate toxicity. This study reported a statistically significant interaction between a low predialysis serum K and a high serum digoxin level on all-cause mortality ( Figures 2B and 3 ) consistent with the inhibition of the Na ϩ /K ϩ -ATPase pump for the biological mechanism of action of digoxin.
Overall, we suggest caution for digoxin use in the general HD population, given its prescription was associated with increased mortality in this study. Since the publication of the DIG study in 1997, 1 data from CHF registries and trials have demonstrated the progressive decline of digoxin use 15 in the setting of observational studies that raise potential safety concerns for cardiac glycosides. Most notable, post hoc analyses of the original DIG study reported a significant 4.2% absolute increase in mortality for women 16 and a decreased risk for death when serum levels were maintained at lower, "therapeutic" concentrations. [17] [18] [19] Consequently, digoxin has been progressively reclassified from a class I recommendation in 2001 20 to a class IIa recommendation in 2005, 21 with explicit cautions in the 2009 American College of Cardiology/American Heart Association guideline that recommend a target serum range of 0.5 to 1.0 ng/dl. 22 
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Among patients who were on digoxin in this retrospective study, the risk for death significantly increased with serum digoxin levels but not with the prescribed digoxin dosage. Digoxin is a drug with a narrow therapeutic/toxic ratio whereby patient-level pharmacokinetics, metabolism, and clearance factors aggregate to introduce variability in drug responsiveness. For example, digoxin distributes extensively to peripheral tissue (average volume of distribution of 785 L) 23 ; heavier patients had higher prescribed dosages and lower serum levels (Tables 3 and 4) . Consequently, targeted serumlevel therapy with frequent serum-level monitoring seems prudent as a means to achieve the very narrow therapeutic window for the drug.
Several characteristics inherent to the dialysis treatment may explain the study's finding. The narrow therapeutic index and proarrhythmic qualities of the drug 24 have the potential to limit the overall effectiveness of digoxin in the ESRD population. 1, 4 Patients who are on long-term RRT are subject to recurrent fluid/electrolyte shifts, hypoalbuminuria, and end-organ damage, which may predispose patients with ESRD to adverse reactions from digoxin. For example, (1) plasma K concentration drops by approximately 40% during HD and then "rebounds" in the postdialytic period (i.e., transient hypokalemia), 25 (2) ultrafiltration may temporarily increase serum digoxin level through its concentration, 26 and (3) uremia has been associated with altered digitoxin metabolism 27 with a 35% decrease in digitoxin binding reported during active HD treatment. 28 Furthermore, responses to dosage corrections are slow because of the extended half-life of the drug. Overall, the cumulative effect of these factors likely complicates the maintenance of stable/subtoxic digoxin levels and may increase the risk-benefit ratio of digoxin use in the ESRD population. There are some important limitations of this study. Potential unmeasured confounders may provide for study bias. For example, dry weight remains an inexact and uncharted patient characteristic that could affect mortality; structural cardiac parameters, such as ejection fraction and left ventricular dimension, were unavailable for covariate adjustment; digoxin prescription (versus nonuse) and higher digoxin levels may have been targeted in the more severely ill patients; and residual confounding from the facility and physician may remain despite case-control matching. Information bias from misclassification could also be present through the review of medical records as opposed to prospective data collection and adjudication under a research protocol.
In conclusion, digoxin should be prescribed with caution to patients who are on long-term HD. Given the alteration in pharmacokinetic and K shifts seen during dialysis, combined with the potential toxicity and tight therapeutic index of the drug, strict K and digoxin level management is recommended when patients with ESRD remain on digoxin until its overall safety is better evaluated through randomized, controlled trials.
CONCISE METHODS
Overview, Population, and Data Sources
All incident HD patients who were admitted to a Fresenius Medical Care North America (FMCNA) facility (Ͼ1800 facilities) during a 6-year period were enrolled in the study when (1) they were admitted as "new to chronic hemodialysis" (i.e., incident patient), and (2) the admission occurred between January 1, 2001, and December 31, 2006 . Incident patients were further classified as digoxin "nonusers" when they had no documented prescription of the drug in the first 90 days of HD and "users" when (1) digoxin was on their list of admission oral medications, and (2) the patient remained on digoxin for Ն90 days after the initiation of long-term RRT. Follow-up occurred from after the 90-day baseline period for up to 4 years until patients were deceased, received a transplant, or transferred to a non-FMCNA clinic or on April 1, 2009 (the last day of follow-up). The analysis was intention-to-treat, whereby patients who changed or stopped their digoxin remained in their exposure group and were followed until death or censorship. Patients were excluded (7.7% of patients) when they survived Ͻ90 days after the initiation of ESRD therapy.
Deidentified clinical data abstracted from the medical records of FMCNA was used for the analysis. The clinical information system prospectively collects demographic, laboratory, treatment CLINICAL EPIDEMIOLOGY www.jasn.org modality, medication, and outcome parameters for patients in all FMCNA clinics. A usual indication for digoxin therapy (atrial fibrillation or CHF) was charted in the FMCNA medical records of 78% of the patients who were on digoxin. Further description of the clinical data system for pharmacoepidemiologic research is provided through previous peer-reviewed publications. 7,8,29 -31 All laboratory testing was processed through a single accredited laboratory (Spectra Laboratories, Rockleigh, NJ).
Outcomes, Exposures, and Covariates
The primary outcome of the study was mortality. Initially, the risk for death between digoxin users and nonusers was calculated among all incident patients and then subsequently among digoxin users only by the prescribed digoxin dosage (g/d on the 90th day) and measured serum digoxin level (ng/ml) during the first 90 days of dialysis. Digoxin dosage was modeled both as a continuous and an ordinal variable. Baseline covariates (listed in Table 2 ) were ascertained during the initial 90 days of HD.
Statistical Analysis
Baseline patient characteristics were tabulated by exposure group and compared using t tests (continuous parameters) or 2 statistic (categorical parameters). Crude survival curves were initially produced using the Kaplan-Meier method and compared using logrank tests. Unadjusted Cox regression was then used to determine the relative mortality risk by exposure group. The final adjusted model included 40 baseline covariates with additional weighting by the inverse probability of treatment 32, 33 (i.e., 1/probability of digoxin dosage) to control for potential confounding by indication. The probability of treatment (i.e., propensity score) was calculated as a function of all baseline covariates (Table 2) using logistic regression for digoxin users versus nonusers and then with generalized logistic regression by four increasing ordinals of digoxin exposure. 34 Model overfitting was assessed with the bootstrap resampling method (n ϭ 200) described by Harrell et al. 35, 36 and was reported only when the R 2 was Ͼ5% (i.e., overfitting). Potential collinearity between exposure and model covariates was evaluated by the Pearson correlation coefficient. Effect modification was defined as significant when the P value of the interaction term (digoxin*covariate) was Յ0.05. P for trend was determined using the median for each category. Statistical computations were done using SAS 9.1 (SAS Institute, Cary, NC).
Sensitivity Analysis: Serum Digoxin Level Associates with Increased Mortality
Covariate-and propensity-adjusted models were further stratified on nine predetermined patient characteristics (age, gender, race, Figure 2 . Mortality HRs per 1-ng/ml increase in serum digoxin level stratified by patient characteristics demonstrated a persistent mortality trend in digoxin users. A statistically significant interaction effect existed between K and digoxin level. Models were covariate and propensity score adjusted. ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.
diabetes status, calcium, K, NYHA functional class, inverse propensity for treatment, and indication for digoxin) and seven variables for which significant baseline differences were noted (BP, interdialytic weight gain, albumin, antiplatelet use, creatinine, dialysis time, and angiotensin-converting enzyme inhibitor/angiotensin receptor blocker use). Because of statistically significant interaction effects between digoxin and K, adjusted mortality HRs were also calculated after stratification by tertiles of serum K and digoxin level.
To account for disease severity, we repeated the primary analysis with NYHA functional class as an additional covariate added to propensity score and Cox regression models. The prognostic value of NYHA on mortality in ESRD was previously validated by Postorino et al. 37 Given the potential for survivorship bias, a "new user" design 38,39 was implemented whereby mortality was examined for patients who initiated digoxin during ESRD, instead of patients who continued their digoxin into ESRD. More specifically, patients were enrolled in the secondary study when their first cardiac glycoside prescription occurred after the first 90 days of HD.
The primary analysis was intention-to-treat and did not take into account changing digoxin levels over time; consequently, we also performed a time-varying analysis that accounted for the longitudinal variations in serum digoxin level and 13 patient characteristics (see of Table 7 ). For example, mortality HRs in the primary analysis were recalculated when serum digoxin level and patient characteristics were modeled as time-varying estimates (90-day cycles).
The potential for residual and nonlinear confounding from the facility, treating physician, and propensity score were also explored in secondary subcohorts that were formed with 1:1 "greedy matching." 40, 41 For balancing for possible unmeasured confounders inherent to the treating clinic, each "high" digoxin user (serum level Ͼ1.0 ng/ml) was paired with a "low" user (serum level Յ1.0 ng/ml) in the same facility. The procedure was then repeated with matching on physician and propensity score instead.
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